Introduction
============

Currently, cisplatin alone or in combination with other drugs, such as 5-fluorouracil,[@b1-ott-7-1375] etoposide,[@b2-ott-7-1375] vinorelbine,[@b3-ott-7-1375] topotecan,[@b4-ott-7-1375],[@b5-ott-7-1375] paclitaxel,[@b6-ott-7-1375] gemcitabine, and irinotecan, is used together with radiotherapy as a standard regimen in the management of advanced cervical cancer.[@b7-ott-7-1375],[@b8-ott-7-1375] However, despite their effectiveness, concerns remain regarding the side effects of these chemotherapeutic drugs.[@b4-ott-7-1375],[@b9-ott-7-1375]--[@b11-ott-7-1375] Prediction of chemosensitivity before giving the treatment to those individuals who are most likely to benefit from cisplatin is particularly challenging, and it is important to avoid or minimize any harmful effects and unnecessary cost.

In recent years, there has been increasing research interest in the use of natural products to treat cervical cancers, in particular herbal extracts, because they are less likely to have side effects. A number of in vitro studies have demonstrated the potential mechanisms of action of natural compounds in inducing cell death or apoptosis in cervical cancer cells. Thymoquinone is an active constituent of the plant *Nigella sativa*, and has a potential role in the treatment of cancer. Previous researchers have reported that thymoquinone reduces the proliferation of lung cancer, breast cancer, colon cancer, melanoma,[@b12-ott-7-1375],[@b13-ott-7-1375] liver cancer,[@b14-ott-7-1375] neuroblastoma,[@b15-ott-7-1375] and oral cancer cells.[@b16-ott-7-1375]

One of the protein molecules that may be used as a potential marker in predicting the response of cervical cancer cells towards cisplatin is thiol-disulfide oxidoreductase, ie, glucose-regulated protein 58 kDa (GRP58/Erp57/ER60/PDI/ERp60/ERp61/P58/Q2/HIP-70). A recent study showed that GRP58, an endoplasmic reticulum stress (ER)-responsive protein that is activated in response to glucose deprivation modulates the invasiveness of cervical cancer.[@b17-ott-7-1375] Upregulation of GRP58 in cancers of the breast, uterus, lung, ovary, and stomach has been reported previously.[@b18-ott-7-1375] However, downregulation of GRP58 expression has also been documented in gastric cancer,[@b19-ott-7-1375] esophageal cancer,[@b20-ott-7-1375] cervical carcinoma, and renal cell carcinoma.[@b21-ott-7-1375],[@b22-ott-7-1375] One study reported that downregulation of GRP58 significantly enhanced the neurotoxicity of prions, an ER stress inducer of neuronal cells.[@b23-ott-7-1375] Several have shown a relationship between GRP58 and inhibition of proliferation of cancer cells. For instance, knockdown of GRP58 was associated with inhibition of proliferation of breast cancer and melanoma cells.[@b24-ott-7-1375],[@b25-ott-7-1375] In contrast, downregulation of GRP58 was associated with a poor prognosis in early-stage cervical cancer.[@b26-ott-7-1375]

Functionally, GRP58 forms complexes with calnexin and calreticulin, which are chaperones that act together with newly synthesized glycoproteins in the ER.[@b27-ott-7-1375],[@b28-ott-7-1375] GRP58 is also involved in nuclear localization and interacts with specific DNA sequences in the HeLa cervical cancer cell line. The level of GRP58 expression may then be influenced by the cytotoxicity of cisplatin since the mechanism of action involves targeting of DNA to form different types of cisplatin-DNA adducts.[@b29-ott-7-1375] There is also some evidence showing that the antitumor activity of cisplatin in cancer cells occurs via nucleus-independent activation of caspase-12 and upregulation of GRP78, the hallmark molecule of ER stress.[@b30-ott-7-1375]

In this study, we investigated the relationship between GRP58 expression levels in HeLa and SiHa (squamous carcinoma) cells and their response to cisplatin. Thymoquinone was also assessed as a candidate agent in the management of cervical cancer. The work is considered significant in the discovery of the potential role of GRP58 a as predictor of the cytotoxicity of cisplatin and that of thymoquinone. Our findings suggest that GRP58 is a potential prognostic marker in cervical cancer and has direct implications for drug therapy and clinical usage.

Materials and methods
=====================

Cell culture
------------

Cervical adenocarcinoma (HeLa, ATCC-CCL-2; passage 10), squamous cell carcinoma (SiHa, ATCC-HTB-35, passage 6), 3T3 (passage 15), and Vero (passage 4) cell lines were purchased from the American Type Culture Collection (Rockville, MD, USA). HeLa, 3T3, and Vero cells were grown in Roswell Park Memorial Institute-1640 medium (PAA Laboratories, Linz, Austria) and the SiHa cells in Minimum Essential Medium Eagle with Earle's (EMEM) (Sigma, St Louis, MO, USA). Both types of culture medium were supplemented with 10% (volume/volume \[v/v\]) fetal bovine serum and 1% penicillin-streptomycin (100 IU/mL of penicillin and 100 μg/mL of streptomycin, PAA Laboratories). The cells were allowed to grow at 37°C in a 5% CO~2~ atmosphere.

Determination of cytotoxicity of cisplatin and thymoquinone
-----------------------------------------------------------

Cytotoxicity was assessed using the MTT assay.[@b31-ott-7-1375] The cells (0.7×10^5^ mL^−1^ for HeLa, 3T3, and Vero cells, and 1×10^5^ mL^−1^ for SiHa cells) were treated with different concentrations of cisplatin and thymoquinone (3.0--200 μM) in a 96-well plate for 24, 48, and 72 hours. Untreated controls were also included. Following incubation, 20 μL of 5 mg/mL MTT was added to each well and kept at 37°C for 3 hours. Next, 100 μL of dimethyl sulfoxide was added to each well to solubilize the blue crystal precipitate (formazan product). The absorbance at 570 nm and the reference wavelength of 630 nm was measured using an enzyme linked immunosorbent assay reader (Opsys MR^®^; Dynex Technologies, Chantilly, VA, USA). Each experiment was performed in triplicate and the average absorbance values were calculated. The IC~50~ (concentration of a drug that achieves a 50% maximal inhibitory response in cells compared with a control) was obtained from the best fit standard curve of percentage cell viability on the ordinate against the extract concentration on the abscissa: $$\text{Cell~growth~inhibition}(\%) = \lbrack 1 - (\text{OD}_{\text{Treated}}{/\text{OD}}_{\text{Control}})\rbrack \times 100.$$

RNA extraction and complementary DNA preparation
------------------------------------------------

HeLa and SiHa cells were treated with cisplatin (3 μM and 6 μM) and thymoquinone (6 μM and 12 μM) for 48 hours to achieve an apoptotic index between 15% and 30%. The concentrations were chosen based on studies published by Ng et al[@b32-ott-7-1375] in 2011 using the Annexin V/fluorescein isothiocyanate assay. RNA was extracted using a Total RNA Extraction Kit (Mini) from Real Biotech Corporation (Banqiao City, Taiwan) according to the manufacturer's instructions. The concentration and integrity of RNA were measured using a nanodrop system (NanoPhotometer™; Implen, Munich, Germany; OD~260~/OD~280~ nm absorption ratio \>1.90). The aliquoted RNA was stored at −80°C. Complementary DNA templates were synthesized from the extracted RNAs in a volume of 6 μL, which was added to the reaction mix of 5× iScript Transcription Supermix (Bio-Rad Laboratories, Hercules, CA, USA) containing oligo (dT), random primers, buffer, RNase inhibitor, MgCl~2~, and dNTP mix in a final volume of 20 μL.

Quantitative real-time polymerase chain reaction
------------------------------------------------

Highly purified salt-free primers were designed by Next Gene Scientific Sdn Bhd (Puchong, Malaysia) and synthesized by AITbiotech Pte Ltd (Science Park 1, Singapore). The descriptions of the primers used for amplification of *GRP58, HPRT*, and *β-actin* genes are shown in [Table 1](#t1-ott-7-1375){ref-type="table"}.

Polymerase chain reaction (PCR) products were synthesized using IQ™ SYBR^®^ Green Supermix (Bio-Rad). Real-time PCR reactions were performed in a total volume of 25 μL using the CFX 96 Real-Time PCR Detection System (Bio-Rad). Quantitative real-time PCR (RT-qPCR) conditions for all PCRs were optimized in a gradient cycler (Mastercycler Gradient, Bio-Rad) with regard to various annealing temperatures (50°C--60°C) ([Table 2](#t2-ott-7-1375){ref-type="table"}). RT-qPCR amplification products were separated by 1% agarose gel electrophoresis (Fisher Scientific, Loughborough, UK). Optimized results were transferred to the following LightCycler PCR protocol.

Upon completion of amplification, the specificity of the amplified products was confirmed using melting curve analysis whereby the PCR products were incubated by increasing the incubation temperature from 70°C to 90°C with an increase of 0.5°C per second. All reactions were performed in triplicate, and a mixture without a complementary DNA template (NTC) was used as the negative control. Data acquisition and analysis were performed using CFX Manager version 2.0.

Western blot analysis
---------------------

Western blotting was performed using a modification of the method described previously.[@b33-ott-7-1375] The Bradford assay was used to quantify the protein level.[@b34-ott-7-1375] Total protein was resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis. Samples (20 μg/well) with a rainbow protein molecular weight marker (Fermentas, Loughborough, UK) were run through bis-acrylamide stacking gel (0.5 M Tris \[pH 6.8\]) at 50 V for 20 minutes, followed by 100 V for one hour through a 10% (weight/volume \[w/v\]) bis-acrylamide resolving gel (1.5 M Tris \[pH 8.8\] using a 1× running buffer \[95 mM Tris-Base, 960 mM glycine, and 1% of 10% sodium dodecyl sulfate, pH 8.6\]). The proteins on the gel were transferred to a polyvinylidene fluoride membrane (Bio-Rad) in the 1× transfer buffer (transfer buffer 10×; 190 mM Tris-Base, 1.92 M glycine, 100% ethanol, and water) at 300 mA for 1.5 hours. The membrane was blocked with phosphate-buffered saline/Tween-20 (0.5%) and 5% milk (blocking agent) for one hour. Subsequently, the membrane was incubated with the primary antibody, mouse anti-GRP58 (Abcam Corporation, Cambridge, MA, USA) and anti-β-actin (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) at a dilution of 1:2,000 overnight at 4°C. These steps were followed by incubation with the secondary antibody, rabbit anti-mouse immunoglobulin G (Santa Cruz Biotechnology Inc.), for one hour at 25°C on a rocker (dilution 1:4,000). All immunoblots were visualized by enhanced chemiluminescence plus Western blotting detection reagents (Abcam Corporation, Cambridge, MA, USA). Densitometric quantification of autoradiograms was performed using ImageJ software (version 1.41; National Institutes of Health, Bethesda, MD, USA).

Statistical analysis
--------------------

The statistical analysis was performed using Pearson's correlation, General Linear Model (univariate), Duncan's multiple range test, and Dunnett's test using Statistical Package of Social Sciences for Windows version 21.0 software (IBM Corporation, Armonk, NY, USA). All data are presented as the mean ± standard deviation. *P*\<0.05 was considered to indicate a statistically significant difference.

Results and discussion
======================

Cytotoxicity of cisplatin and thymoquinone
------------------------------------------

Our results indicate differences in the sensitivity of HeLa and SiHa cells to cisplatin and thymoquinone. Cisplatin showed more antiproliferative activity and cytotoxicity than thymoquinone in the cervical cancer cell lines in a dose-dependent and time-dependent manner. However, cisplatin was more toxic than thymoquinone in the normal 3T3 and Vero cell lines ([Figure 1](#f1-ott-7-1375){ref-type="fig"} and [Table 3](#t3-ott-7-1375){ref-type="table"}). At 72 hours, the values for cisplatin and thymoquinone were 9.65±0.08 μM and 17.38±2.94 μM, respectively. Any of the cell types used as a control is of human origin, and in particular 3T3 cells are mouse fibroblast particularly sensitive to most of the known cytotoxics. 3T3 cells are recommended by the US National Institute of Environmental Health Sciences to access in vitro basal cytotoxicity for acute oral toxicity testing. Vero cells are homologous to human body cells. These cells have been banked, are well characterized, and are approved by the World Health Organization for production of human vaccines.

Expression of GRP58 mRNA following treatment with cisplatin and thymoquinone
----------------------------------------------------------------------------

Intensive research has been conducted for the past 30 years, and several mechanisms accounting for the cisplatin-resistant tumor cell phenotype have been reported. However, no correlation between GRP58 expression and response to cisplatin in advanced cervical cancer has been reported. High GRP58 expression has been reported to be associated with resistance to anticancer drugs in patients with oral squamous cell carcinoma[@b35-ott-7-1375] and those with ovarian cancer.[@b36-ott-7-1375] In a model of cochlear damage, exposure to cisplatin resulted in a decreased level of GRP58 expression.[@b37-ott-7-1375]

In the present study, we investigated whether GRP58 expression could be a predictive marker of susceptibility to cervical cancer treatment using cisplatin and thymoquinone. The cells were treated with both drugs to achieve an apoptotic index of 15%--30%, which is optimal for studying the early molecular events in the ER stress-induced pathway. RT-qPCR was initially used to measure the transcription level of GRP58 mRNA. In this experiment, the specificity of qRT-PCR products was documented using high resolution gel electrophoresis and resulted in a single product of the desired length (*GRP58*, 161 bp; *HPRT*, 185 bp; *β-actin* 250 bp). In addition, a LightCycler melting curve analysis was performed, which resulted in a single product-specific annealing temperature as follows: *GRP58* and *β-actin*, 60°C; *HPRT*, 58.3°C ([Figure 2A](#f2-ott-7-1375){ref-type="fig"}). No primer-dimers were generated during the 40 real-time PCR amplification cycles. RT-qPCR efficiencies were calculated from the given slopes using LightCycler software. The corresponding real-time PCR efficiency (*E*) of one cycle in the exponential phase was calculated according to the equation: *E*=10^\[−1/slope\]^. The transcripts showed high real-time PCR efficiency rates, ie, 110.3% for *GRP58*, 105.9% for *β-actin*, and 108.9% for *HPRT*, in the investigated range of 2.18--70 ng complementary DNA input (n=3) with high linearity (Pearson correlation coefficient *R^2^*\>0.99, [Figure 2B--D](#f2-ott-7-1375){ref-type="fig"}).

Gene analysis data showed that *GRP58* was expressed in both untreated (control) cell lines, with a higher level in HeLa cells than in SiHa cells. RNA expression levels were analyzed based on the cycle threshold value. The lower the cycle threshold value, the higher the expression of *GRP58* ([Figure 3C](#f3-ott-7-1375){ref-type="fig"}). The results show that the *GRP58* level differed between the cell line types, as reported by previous researchers who noted that patients with adenocarcinoma had higher levels of *GRP58* than those with squamous cell carcinoma.[@b17-ott-7-1375] This difference is due to the different types of metabolism used by the two types of cells. Adenocarcinoma cells rely mainly on aerobic glycolysis for production of ATP, whereas under hypoxic squamous carcinoma cells conditions undergo mitochondrial oxidation with anaerobic glycolysis.[@b38-ott-7-1375] GRP58 is activated in response to glucose deprivation, so the physiological changes in HeLa and SiHa cells may contribute to the observed difference in GRP58 levels; however, given that these two cell lines were grown under the same conditions, ie, with no differences in the hypoxic microenvironment or metabolism, the reasons for the difference in GRP58 levels remain unclear. Otherwise, differences in GRP58 expression are most likely due to differences in the human papillomavirus (HPV) genotypes and oncoproteins present in HeLa and SiHa cells. The results of epidemiologic research support the experimental data showing involvement of HPV in cervical cancer.[@b39-ott-7-1375] Each HeLa cell contains 10--50 copies of HPV-18, while each SiHa cells contains one copy of HPV-16.[@b40-ott-7-1375]--[@b42-ott-7-1375] These high-risk types of HPV encode the E6 and E7 oncogenes. E6 interacts with the tumor suppressor protein p53 through a ubiquitin-dependent proteasome pathway, while E7 encodes viral oncoproteins that target retinoblastoma protein.[@b43-ott-7-1375],[@b44-ott-7-1375] These E6 and E7 proteins affect cell cycle control by facilitating stable maintenance of episomes and stimulating differentiated cells to proliferate.[@b45-ott-7-1375] GRP58 might be involved in either the E6-dependent or E7-dependent pathway. For example, adeno-associated virus transfection has been shown to moderately reduce the growth rate of tumors arising from SiHa cells but not that of tumors arising from HeLa cells. This differential suppression exerted by adeno-associated virus may be due to differences in HPV genotype.[@b46-ott-7-1375] In another study, delivery of monoclonal antibodies that bind to HPV-16 E6 and neutralize its biological activity in vitro could restore p53 function in SiHa cells but not in HeLa cells. Proliferation of SiHa cells was markedly diminished, but no apoptosis was detectable in HeLa cells.[@b47-ott-7-1375] On that basis, involvement of GRP58 in the cell death process may vary from cell type to cell type (eg, glandular versus squamous), HPV copy number, expression of oncoproteins, or other variables that remain to be elucidated.

[Figure 3](#f3-ott-7-1375){ref-type="fig"} presents the data for *GRP58* expression after treatment with cisplatin and thymoquinone. *GRP58* was significantly downregulated following exposure to both agents in a dose-dependent manner. The GRP58 expression level was lower in SiHa cells than in HeLa cells at a cisplatin concentration of 6 μM (*P*\<0.05). However, *GRP58* expression decreased significantly in SiHa cells treated with thymoquinone at 12 μM.

Expression of GRP58 protein following treatment with cisplatin and thymoquinone
-------------------------------------------------------------------------------

The RT-qPCR data were further validated using Western blot analysis using *β*-actin as a control to ensure equal protein loading ([Figure 4](#f4-ott-7-1375){ref-type="fig"}). Untreated (control) HeLa cells showed a higher level of GRP58 expression than did control SiHa cells ([Figure 4A and B](#f4-ott-7-1375){ref-type="fig"}), which was verified by quantification of the intensity of the protein bands by densitometry analysis. Downregulation of GRP58 was observed following treatment with cisplatin and thymoquinone. At 24 hours, the GRP58 level was reduced by 8-fold in HeLa cells after treatment with cisplatin 3 μM when compared with the control cells, and in SiHa cells, there was a 1.5-fold decrease. For thymoquinone 12 μM, the GRP58 level was reduced by 1.3-fold after 24 hours. The GRP58 expression level at 48 hours was significantly lower than that at 24 hours following treatment with cisplatin and thymoquinone (*P*\<0.05). GRP58 expression was downregulated more efficiently after treatment with cisplatin than after treatment with thymoquinone in both cell lines ([Figure 5](#f5-ott-7-1375){ref-type="fig"}). Although GRP58 mRNA expression was not downregulated by thymoquinone 12 μM in SiHa cells, protein expression was reduced. Expression levels of *GRP58* might not necessarily be associated with protein levels because not all mRNA templates detected in RT-qPCR analysis are fully translated to functional proteins. At the higher thymoquinone concentration of 12 μM, *GRP58* mRNA and protein expression levels were both reduced. Treatment of the cells with increasing amounts of thymoquinone decreased the stability of *GRP58* mRNA, resulting in a decreased level of expression. However, there was an indication that a post-translational mechanism to increase GRP58 protein stability activity in the thymoquinone-treated cells existed at a lower concentration (6 μM). The mechanism by which expression of GRP58 is regulated at the translation level is poorly understood.

Correlation between GRP58 expression and sensitivity to cisplatin and thymoquinone
----------------------------------------------------------------------------------

GRP58, an ER resident protein, could be a target for development of novel chemotherapeutic strategies. We predicted that the response (sensitivity) to cisplatin and thymoquinone would be increased by downregulation of GRP58. To confirm this hypothesis, correlation analysis between GRP58 expression and the cytotoxicity (based on IC~50~ values) of cisplatin and thymoquinone was performed. Sensitivity towards cisplatin was found to be significantly correlated with GRP58 levels in the two cell lines (*P*\<0.05). However, the correlation was not significant for thymoquinone (*P*\>0.05, [Figure 6](#f6-ott-7-1375){ref-type="fig"}).

So far, there is yet any study on the involvement of GRP58 in cisplain-induced cytotoxicity. We postulated that GRP58 plays a role in the ER stress-induced apoptosis signaling pathway by cisplatin in the cervical cancer cells of which previously, nucleus independent activation of caspase-12 and upregulation of GRP78 have been involved.[@b30-ott-7-1375] Knockdown of GRP58 has been shown to lead to ER stress-induced apoptosis in breast cancer cells.[@b25-ott-7-1375] The current study indicates that the antitumor effect of cisplatin could be increased by downregulating GRP58 expression.

There are several pathways that have been directly associated with ER stress-induced apoptosis, all of which require activation by GRP78. It has previously been demonstrated that knockdown of GRP58 increases the level of GRP78.[@b48-ott-7-1375] Considering that GRP78 is a key player in ER stress-induced apoptosis, these findings may support the involvement of GRP58 in ER stress-induced pathways. The first pathway involves induction of transcription factor CCAAT/enhancer-binding protein homologous protein (CHOP)/growth and DNA damage-inducible transcription factor (GADD153). The second pathway involves activation of the c-Jun N-terminal kinase (JNK) pathway by ER transmembrane protein kinase type I, IRE1 (inositol requiring 1), and PERK (PKR-like ER kinase).[@b49-ott-7-1375] The third pathway involves cleavage of caspase-12. CHOP/GADD153 modulates the level of PUMA (p53 upregulated modulator of apoptosis), an important regulator in p53-mediated apoptosis. Overexpression of PUMA is accompanied by increased expression of BAX, release of cytochrome c, and reduction in the mitochondrial membrane potential.[@b50-ott-7-1375]

Studies have shown that this protein can interact with antiapoptotic Bcl-2 family members, resulting in activation of caspase-9,[@b51-ott-7-1375] which subsequently activates caspase-3, leading to apoptosis. Thus, sensitivity of cervical cancer cells towards cisplatin might be associated with activation of the ER-induced apoptosis signaling pathway and the GRP58 level. Further, GRP58 modulates STAT3 (signal transducer and activator of transduction 3) and regulates mTOR1 (mammalian target of rapamycin 1) signaling.[@b52-ott-7-1375],[@b53-ott-7-1375] Activated STAT3 and mTOR1 promote development of cancer cells by preventing apoptosis.[@b54-ott-7-1375],[@b55-ott-7-1375] Downregulation of GRP58 may inhibit proliferation of cancer cells. Based on our findings, the proposed mechanism of induction of apoptosis by cisplatin in HeLa and SiHa cells is shown in [Figure 7](#f7-ott-7-1375){ref-type="fig"}. This phenomenon could be of therapeutic benefit in the treatment of cervical cancer.

On the other hand, involvement of GRP58 in the cytotoxicity of thymoquinone was not identified in this analysis. Indeed, no involvement of any ER stress proteins in thymoquinone-induced apoptotic pathways has been documented to date. However, treatment of SiHa cells with thymoquinone has been shown to cause upregulation of p53 and downregulation of Bcl-2.[@b32-ott-7-1375] Thus, it is postulated that thymoquinone may also induce apoptosis via pathways similar to those mentioned earlier, whereby GADD153/CHOP modulates PUMA to undergo apoptosis via p53-mediated pathway under conditions of ER stress.[@b50-ott-7-1375] However, a previous study demonstrated that p53 was not involved in upregulation of PUMA in ER stressed-induced apoptosis.[@b56-ott-7-1375] In other types of cancer, treatment with thymoquinone caused activation of the STAT3,[@b57-ott-7-1375] NF-κB,[@b58-ott-7-1375],[@b59-ott-7-1375] JNK, and mitogen-associated protein kinase (MAPK) pathways.[@b60-ott-7-1375],[@b61-ott-7-1375] These pathways are linked to regulation of apoptosis with ER stress-induced pathway. However, STAT3, NF-κB, JNK, and MAPK are molecules that could be having proapoptotic or antiapoptotic effects. For instance, in gastric cancer, induction of ER stress protects cells from apoptosis, especially via MAPK pathways.[@b61-ott-7-1375] This may explain the negative correlation between GRP58 expression level and cytotoxicity of thymoquinone in cervical cancer cells.

Conclusion
==========

In summary, the GRP58 expression level depending on the type of cell and type of drug. In this study, there was a correlation between expression of GRP58 protein and the cytotoxicity of cisplatin in HeLa and SiHa cells. However, no significant correlation was found for thymoquinone. This indicates that the GRP58 expression level might have potential implications for the susceptibility of cervical cancer cells to cisplatin and thymoquinone-based therapy. A further mechanistic study using small interfering RNA is needed for confirmation.
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![Dose-response curves for HeLa, SiHa, Vero, and 3T3 cells following treatment with cisplatin (**i**) and thymoquinone (**ii**) at 24 hours (**A**), 48 hours (**B**), and 72 hours (**C**). The cells (0.7×10^5^ mL^−1^ for HeLa, 3T3, and Vero cells, and 1×10^5^ mL^−1^ for SiHa cells) were treated with different concentrations of cisplatin and thymoquinone and subjected to MTT assay.\
**Notes:** The experiment was carried out in triplicate. The results are shown as the mean ± standard deviation.\
**Abbreviation:** MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.](ott-7-1375Fig1){#f1-ott-7-1375}

![Optimization of quantitative real-time polymerase chain reaction.\
**Notes:** Single band with the correct product size (161 bp for GRP58, 250 bp for β-actin, and 185 bp for HPRT) at different temperatures as verified by 1% agarose gel electrophoresis (**A**). Representative amplification, standard and melting curves of primers for GRP58 (**B--D**). Single peak for each primer further validates the absence of primer dimers and nonspecific amplifications.\
**Abbreviations:** bp, base pairs; RFU, relative fluorescence units.](ott-7-1375Fig2){#f2-ott-7-1375}

![mRNA level of *GRP58* in HeLa and SiHa cells following treatment with cisplatin and thymoquinone for 48 hours as measured by quantitative real-time polymerase chain reaction.\
**Notes:** (**A**) Cycle threshold values for HeLa and SiHa after treatment with cisplatin. The cycle threshold values for HeLa are lower, indicating a higher concentration of *GRP58* as compared with SiHa. Treatment with cisplatin and thymoquinone downregulated *GRP58* in HeLa cells (**B**) and SiHa cells (**C**). The data indicate relative levels of GRP58 that were normalized against *β-actin* and *HPRT*. Columns represent the mean ± standard deviation, each performed in triplicate. \**P*\<0.05 was considered to be statistically significant.\
**Abbreviation:** TQ, thymoquinone.](ott-7-1375Fig3){#f3-ott-7-1375}

![GRP58 expression in human cervical cancer cell lines treated with cisplatin and thymoquinone as determined by Western blot analysis.\
**Notes:** Downregulation of GRP58 in HeLa cells (**A**) and SiHa cells (**B**) was observed following treatment with cisplatin and thymoquinone at two different time points. Relative levels of GRP58 were normalized against the loading control, *β*-actin.\
**Abbreviation:** Con, control.](ott-7-1375Fig4){#f4-ott-7-1375}

![GRP58 levels in HeLa and SiHa cell lines following treatment with cisplatin (**A**) and thymoquinone (**B**).\
**Notes:** GRP58 density was quantified by densitometric analysis. Data are shown as the mean ± standard deviation of at least three independent experiments. \**P*\<0.05 versus negative (untreated) control.\
**Abbreviations:** TQ, thymoquinone; h, hours.](ott-7-1375Fig5){#f5-ott-7-1375}

![Correlation between density values of the ratio of GRP58 to β-actin and cytotoxicity (IC~50~ values) in HeLa and SiHa cells following treatment with cisplatin (**A**) and thymoquinone (**B**) using Pearson's correlation method for at least three independent experiments. *P*\<0.05 was considered to be statistically significant.\
**Abbreviations:** TQ, thymoquinone; h, hours; IC~50~, half maximal inhibitory concentration.](ott-7-1375Fig6){#f6-ott-7-1375}

![Schematic diagram of proposed mechanism of action for GRP58 in cisplatin-induced apoptosis. The pathways involve the endoplasmic reticulum stress-apoptotic-dependent pathway.\
**Abbreviations:** NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; mTOR, mammalian target of rapamycin; PUMA, p53 upregulated modulator of apoptosis; JNK, C-Jun N-terminal kinase; Bcl-2, B-cell lymphoma 2; XBP1, X-box binding protein 1; CHOP, C/EBP-homologous protein; ATF, activating transcription factor 4; UPR, unfolded protein response; STAT, signal transducer and activator of transcription; GRP, glucose-regulated protein; TRAF2, TNF receptor-associated factor 2; IRE-1a, inositol-requiring protein 1.](ott-7-1375Fig7){#f7-ott-7-1375}

###### 

Primers for amplification of *GRP58*, *HPRT*, and *β-actin* genes

  -------------------------------------------------------------------------
  Gene        Primer sequence                Accession number   Size (bp)
  ----------- ------------------------------ ------------------ -----------
  *GRP58*     5′-TGCTAAAGGAGAGAAGTTTG-3′\    NM_005313.4        161
              5′-CTGCTACCACTACCTTTCA-3′                         

  *β-actin*   5′-CATGTACGTTGCTATCCAGGC-3′\   NM_001101.3        185
              5′-CTCCTTAATGTCACGCACGAT-3′                       

  *HPRT*      5′-CGAGATGTGATGAAGGAGATG-3′\   NM_000194.2        250
              5′-CCTGTTGACTGGTCATTACAA-3′                       
  -------------------------------------------------------------------------

**Abbreviation:** bp, base pairs.

###### 

Polymerase chain reaction protocol for *GRP58*, *HPRT*, and *β-actin*

  Step                                                   Temperature (°C)   Time         Number of cycles
  ------------------------------------------------------ ------------------ ------------ ------------------
  Initial denaturation                                   95                 5 minutes    1
  Denaturation                                           95                 20 seconds   40
  Annealing[\*](#tfn2-ott-7-1375){ref-type="table-fn"}   58.3               30 seconds   40
  Extension                                              70                 5 seconds    40

**Note:**

60°C for annealing for *GRP58* and *β-actin*, and 58.3°C for *HPRT*.

###### 

Cytotoxicity of cisplatin and thymoquinone towards various human cell lines represented as IC~50~ value determined by MTT assay

  Cell line   Incubation time (hours)                                 IC~50~ (μM)                                             
  ----------- ------------------------------------------------------- ------------------------------------------------------- -------------
  HeLa        24                                                      38.55±1.81                                              119.24±1.90
  48          18.44±2.97[\*](#tfn4-ott-7-1375){ref-type="table-fn"}   72.1±3.81                                               
  72          13.3±2.52[\*](#tfn4-ott-7-1375){ref-type="table-fn"}    29.57±5.81[\*](#tfn4-ott-7-1375){ref-type="table-fn"}   
  SiHa        24                                                      37.78±7.46                                              87.76±0.34
  48          24.45±2.18[\*](#tfn4-ott-7-1375){ref-type="table-fn"}   52.31±4.96[\*](#tfn4-ott-7-1375){ref-type="table-fn"}   
  72          19.5±2.12[\*](#tfn4-ott-7-1375){ref-type="table-fn"}    23.41±1.51[\*](#tfn4-ott-7-1375){ref-type="table-fn"}   
  3T3         24                                                      39.77±2.79                                              70.64±0.19
  48          10.38±0.25[\*](#tfn4-ott-7-1375){ref-type="table-fn"}   69.3±13.75                                              
  72          9.6±0.02[\*](#tfn4-ott-7-1375){ref-type="table-fn"}     61.67±5.01[\*](#tfn4-ott-7-1375){ref-type="table-fn"}   
  Vero        24                                                      11.77±0.67                                              21.76±1.22
  48          9.72±0.02[\*](#tfn4-ott-7-1375){ref-type="table-fn"}    17.74±1.99                                              
  72          9.65±0.08[\*](#tfn4-ott-7-1375){ref-type="table-fn"}    17.38±2.94[\*](#tfn4-ott-7-1375){ref-type="table-fn"}   

**Notes:** The IC~50~ is the average ± standard deviation value of three independent experiments.

Significantly different from control at *P*\<0.05.

**Abbreviations:** MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; IC~50~, half maximal inhibitory concentration.
